The intestinal epithelial barrier is indispensable to our immune system. Defects in this barrier function have been observed in intestinal disorders such as inflammatory bowel diseases, food allergies, and celiac diseases. Therefore, the modulation of the barrier function is currently viewed as a potentially positive pharmacological outcome. This review describes a unique peptide, Asn-Pro-TrpAsp-Gln (NPWDQ), which can finely adjust the intestinal barrier. It is obtained by the hydrolysis of casein, a major milk protein, and considerably inhibits the permeation of ovalbumin, one of the food allergens, in Caco-2, a human intestinal cell line. Using DNA microarray, we observed that NPWDQ only up-regulated expression of the occludin gene, whereas the levels of other genes, such as those of the claudin and zonula occludens families, remained unchanged. Increased protein expression of occludin was also observed. The fact that milk-derived peptide(s) can enhance intestinal barrier function gives a new significance to lactation because it plays an important role in promoting the maturation of the intestinal barrier. In this context, it is highly probable and worthy of considerable attention that various bioactive peptides with this type of activity are yet to be observed in the bovine and/or human casein sequence. Moreover, milkderived peptides could be considered as potential candidates for the prevention of certain intestinal disorders.
INTRODUCTION
The intestinal tract is not only responsible for digestion and absorption of nutrients, but also has a barrier function that is a critical component of the innate immune system [1] [2] [3] . Only a single layer of epithelial cells separates the luminal contents from the effector immune cells located in the lamina propria and the rest of the body. A breach of this single layer of epithelium can expose the highly immunoreactive subepithelium to antigens and a vast number of microbes that are present in the lumen. The breakdown of this barrier is implicated in bacterial invasion, which can lead to sepsis, and in the pathogenesis of acute illnesses [4] . Increased permeability early in life has been implicated in the pathogenesis of several diseases that manifest later in life. These diseases are called leaky gut syndrome and include inflammatory bowel disease (IBD), food allergies, atopy, and celiac enteropathy [3, 5] . Therefore, modulation of the epithelial barrier function is currently viewed as a potentially positive pharmacological outcome.
Both physical and biological barriers constitute a first line of defense. The biological barrier comprises mucin, immunoglobulin A, digestive enzymes, and antibacterial substances such as defensins and lysozymes. The physical barrier consists of the epithelial cell layer with overlying mucus. The integrity of intestinal epithelial cells is maintained by intercellular junctional complexes, such as the tight junction, which comprises several proteins, provides continuous belt-like cell-cell junctions, and acts as a barrier to regulate paracellular permeability [5, 6] . Zonula occludens (ZO) proteins bind to transmembrane proteins, such as occludins and claudins of which there are at least 24 members, and links them to cytoskeletal actin [ Fig. (1) ].
This article focuses on milk-derived short peptides which can enhance the function of the tight junction. The following section provides a brief introduction of dietary components that are involved in its modulation.
ENHANCEMENT OF INTESTINAL BARRIER FUNC-TION BY DIETARY COMPONENTS
Dysfunction of the intestinal barrier can result in enhanced antigen uptake, bacterial translocation, and abnormal immune responses. IBD, which comprises the two major conditions (ulcerative colitis and Crohn's disease), is one of the most significant diseases characterized by an abnormal immune response [7] . Therapeutically, anti-inflammatory remedies, such as tumor necrosis factor (TNF)-antibody (infliximab, commercial name "Remicade"), are most effective in improving the symptoms of active IBD and simultaneously repairing intestinal barrier function [8] . Other agents can also directly affect the barrier function. Recent investigations have focused on the development of new therapeutic agents, including dietary components, because patients wish to avoid the long-term use of drugs.
Probiotic bacteria, such as lactobacilli and bifidobacteria, can reduce intestinal inflammation and restore the balance of intestinal microbiota [9] . Evidences from animal models of IBD indicate that probiotics can alter intestinal microbiota and improve the symptoms of the disease [10] . In addition, the clinical efficacy of probiotics in IBD has been investigated in a number of clinical studies, and key findings from clinical trials have recently been reviewed comprehensively by Hedin et al. [11] .
It was demonstrated that administration of Bidifobacterium longum BB536 was effective in inducing remission in patients with ulcerative colitis [12] . Kato et al. [13] Multiple mechanisms of action have been suggested to explain the protective effects of probiotics in intestinal inflammation. These can be broadly classified into the following: (1) improvement of the epithelial barrier function, (2) suppression of growth or epithelial binding/invasion by pathogenic bacteria, and (3) immune regulation [10] .
Among the dietary factors involved in the improvement of symptoms of IBD, polyphenols have been proposed as protective agents in distinct models of colon inflammation [14, 15] . For example, quercetin can strengthen the epithelial barrier, which has been shown to promote the assembly of ZO-2, occludin, and claudin-1 and up-regulate claudin-4 within the epithelial tight junction in a human epithelial cell line [14] . In addition, amino acids, e.g., glutamine [4, 16] and histidine [17] , have been proposed as candidates for barrier strengthening therapy.
The prevalence of allergic diseases is increasing in most developed countries. Food allergy has been thought to involve an excessive immune reaction to allergens that permeate from the intestinal tract. After ingesting a specific food allergen, a sensitized individual may experience gastrointestinal symptoms, such as diarrhea and nausea, and extra-intestinal symptoms can occur in the skin and airways. The intestinal epithelium theoretically acts as a barrier to restrict the permeation of macromolecules. However, a small proportion (10 3 to 10 4 ) of dietary proteins can cross the epithelium to access and activate effector cells, which results in food allergy [18] . Moreover, it has been reported that the permeability of antigens through the intestinal tract is enhanced in patients with allergies [19] . In the light of these facts, it is conceivable that enhancement of the barrier function of the intestinal epithelium could help prevent food allergies.
A large number of different types of peptides are formed in the intestine after digestion of dietary proteins. It is therefore probable that these peptides interact with the intestinal epithelium and affect the barrier function. However, to our knowledge, no studies on the relationship between the barrier and dietary peptides have been previously reported. In the following section, interesting results from our ongoing work on milk-derived peptides are presented.
NPWDQ FINELY ADJUSTS THE EPITHELIAL BARRIER 3.1. A Casein-derived Peptide that Inhibits the Permeation of Allergens into the Intestinal Epithelial Barrier (In vitro)
To investigate milk protein-derived peptides that inhibit the permeation of allergens into the intestines, we chose enzymemodified cheese (EMC) as a base. EMCs are generally produced by the hydrolysis of cheese with commercial proteases and are used in food, e.g., as the sole source of cheese flavor in a product, to intensify an existing cheesy taste, or to give a specific cheese character to a blander cheese product [20] . In addition, the enzymatic treatment of cheese can potentially produce bioactive peptides that may provide nutritional and medical benefits. For example, Haileselassie et al. [21] isolated antihypertensive peptides, such as YPFPGPI that inhibits an angiotensin I-converting enzyme, from EMC. In our experiment, we prepared "EMC2" from a Danish skimmed milk cheese by a series of treatments with Protease S, Newlase A, and Umamizyme [22] .
To investigate the ability of EMC2 to inhibit the permeation of allergens, we used Caco-2 cells, a human colon carcinoma cell line that differentiates under standard culture conditions to form confluent monolayers and acquires many features of absorptive intestinal cells during culture. Caco-2 cells spontaneously exhibit various enterocytic characteristics, including the expression of brush border enzymes and nutrient transporters, and the formation of intercellular tight junctions [23] .
Our group established an in vitro system to evaluate the permeation of allergens using differentiated Caco-2 cells grown on a permeable filter [22] . In this system, Caco-2 cell monolayers were used as a model of the small intestinal tract, and ovalbumin (OVA) was used as a typical allergen [ Fig. (2) ]. Fig. (2) . Schematic drawing of the evaluation of intestinal permeability using human Caco-2 cells seeded onto Transwell Each compartment was placed in a well of a 12-well cluster plate containing medium outside (basolateral side) and inside (apical side). Fluorescein isothiocyanate (FITC)-OVA was added to the apical side, and the test sample (e.g., EMC2 or NPWDQ) was added to the basolateral side. The monolayers were incubated for 2 h, after which the outside medium was collected. The concentration of FITC-OVA in the basolateral medium was determined by measuring fluorescence intensity, and permeability was calculated.
Because the water extract of EMC2 demonstrated inhibitory activity, it was fractionated by Sep-pak cartridge and reversedphase HPLC to isolate an active peptide, Gly-Pro-Ile-Val-Leu-AsnPro-Trp-Asp-Gln (GPIVLNPWDQ). This amino acid sequence corresponds to the sequence of amino acids 102-111 of s 2 -casein. The decapeptide GPIVLNPWDQ was then synthesized and its activity-concentration relationship was measured [ Fig. (3A) ]. It demonstrated a concentration-dependent inhibition of OVA permeation. We further identified portions of the decapeptide that are essential for the inhibitory activity. For this, the two pentapeptide halves GPIVL (aa102-106) and NPWDQ (aa107-111) were synthesized, and their activities were evaluated. Interestingly, the inhibitory activity of NPWDQ, but not GPIVL, was found to be almost identical to that of GPIVLNPWDQ [ Fig. (3B) ]. Therefore, it was concluded that only the C-terminal half peptide is essential for this activity.
At least two possible mechanisms existed by which GPIVLNPWDQ and NPWDQ could inhibit the permeation of OVA in Caco-2 cells: the enhancement of tight junction functions and the inhibition of OVA endocytosis. To test the former, the effect of the addition of NPWDQ on the integrity of Caco-2 monolayers was evaluated by measurements of transepithelial electrical resistance 
Microarray Analysis of Tight Junction-Related Molecules
DNA microarray analysis was performed to investigate the effect of the addition of NPWDQ in detail [24] . NPWDQ was added to the apical side of Caco-2 cells; these were then incubated for 24 h, after which RNA was extracted and analyzed by microarray. Changes in 48,000 types of gene expression by NPWDQ were evaluated. Genes that demonstrated an abundant level of expression (more than 1,000 arbitrary fluorescence units; a total of 7,108 genes) were chosen for further analysis. Among these, only two [fos (GenBank accession number NM_005252) and egr1 (NM_001964)] were up-regulated by more than 2-fold and three [mgc14376 (NM_032895), grb2 (NM_002086) and dusp1 (NM_004417)] were up-regulated by 1.5-2-fold. Moreover, none of the genes was down-regulated by more than 1.5-fold (Table 1) . Therefore, it was found that NPWDQ did not drastically affect mRNA expression in Caco-2 cells.
Differences in gene expression of the major tight junctionrelated molecules, occludin, claudins, ZO families, and junctional adhesion molecule (JAM) families, were analyzed. As shown in (Table 2) , occludin was up-regulated by nearly 1.5-fold. In contrast, gene expressions of claudin-1, -2, -3, -4, -7, -12, -14, -15, -19, and -23, ZO-1, -2 and -3 and JAM-1 did not change remarkably (0.88-1.13-fold changes). From this data, it was clear that NPWDQ upregulated occludin mRNA expression only. The up-regulation of occludin mRNA by NPWDQ was also confirmed by a real-time PCR.
The effect of NPWDQ on expression of the major tight junction-related proteins occludin, claudin-1 and ZO-1 was evaluated by western blotting. NPWDQ significantly increased the level of occludin by 1.5-fold [ Fig. (5) ], although the levels of claudin-1 and ZO-1 did not change; these results were consistent with those of the microarray ( Table 2 ). This data suggested that NPWDQ particularly increased the level of occludin and finely adjusted the tight junction barrier.
NPWDQ AND EMC SUPPRESS THE PERMEATION OF ALLERGENS 4.1. NPWDQ Suppresses OVA Permeation Ex Vivo
We determined whether NPWDQ could inhibit the permeation of allergens ex vivo in a rat intestinal loop [25] . The rats were < 0.67 0 NPWDQ (10 6 M) was added to the apical side, and cells were incubated for 24 h. RNA was extracted from Caco-2 cells with or without incubation with NPWDQ. Changes in 48,000 types of gene expression were evaluated. This table is the summary of 7,108 genes that showed an expression of more than 1,000 (arbitrary fluorescence units). Only five genes, fos, egr1, mgc14376, grb and dusp1 were up-regulated by more than 1.5-fold; the fold changes were 2.93, 2.92, 1.54, 1.53 and 1.51, respectively. The mRNA expression of occludin was up-regulated by nearly 1.5-fold ( Table 2) . subjected to intestinal injury by two subcutaneous injections of indomethacin (7.5 mg/kg each, with a 24 h interval). The major pathogenesis of indomethacin-induced intestinal impairment is basically caused by the inhibition of cyclooxygenase, depletion of endogenous and protective prostaglandins in the mucosa, and subsequently impairment of the mucosal barrier function. Twenty-four hours after the second injection of indomethacin, jejunal and ileac segments of the small intestine were excised. OVA was injected alone or with NPWDQ into the closed loop, and the loop was then placed into a 15-mL tube that contained PBS heated to 37°C [ Fig.  (6A) ]. The tube was incubated for 2 h, and the outside solution was collected to measure OVA permeation.
As shown in [Fig. (6B) ], administration of indomethacin almost doubled the permeation of OVA into the jejunal loop; however, addition of NPWDQ restored this to normal levels. OVA permeation into the ileac segment of normal rats was extremely low, while that in indomethacin-administered rats was remarkably high Fig.  (6C) . This indomethacin-induced increase in permeation of OVA was more prominent in the ileac segment than that in the jejunal segment, which suggests that the ileum was more heavily damaged than the jejunum. However, the addition of NPWDQ into the ileac loop effectively inhibited OVA permeation.
EMC2 Suppresses OVA Permeation In vivo
We next performed an in vivo experiment to determine whether EMC2, which contains various peptides such as NPWDQ, could inhibit allergen permeation in indomethacin-treated rats. The blood The expressions of claudin-5, -6, -8, -9, -10, -11, -16, -17, -18, -20, and -22 and JAM-2 and -3 were less than 100 (arbitrary fluorescence units). It was clearly observed that NPWDQ up-regulated occludin mRNA expression only. concentration of OVA was measured in normal (healthy control) rats after its oral administration. Although OVA was detected at low levels 0.5 h after an OVA challenge in normal rats, no remark able transfer of OVA into the peripheral blood was observed after 1 h. Thus, it is possible that OVA is rarely absorbed by the intestines of normal rats in the intact form. In contrast to normal rats, undigested OVA was detected at high levels in the peripheral blood of indomethacin-treated rats [ Fig. (7) ]. Indeed, the area under the OVA concentration-time curve for indomethacin-treated rats was approximately six times higher than that for normal rats [25] . Rats were administered EMC2 twice orally (0.1 g or 0.5 g each with a 24-h interval) concomitantly with two doses of indomethacin. Twenty-four hours after the second administration, the rats were given OVA orally. As shown in [Fig. (7) ], EMC2 effectively lowered the blood concentration of OVA in a dose-dependent manner and inhibited OVA permeation in vivo. The inhibitory activity of EMC2 on OVA permeation was also confirmed by the time to reach maximum concentration, which was delayed in the EMC2-treated groups [25] . 
Can Barrier Recovery In Vivo be Achieved with NPWDQ and EMC?
From the data described above, it can be observed that NPWDQ can finely adjust the epithelial barrier by modulating the level of expression of occludin in Caco-2 cells in which the tight junction is well formed. However, it should be clarified whether or not the effect of NPWDQ on occludin expression is dependent on this peptide sequence, and whether NPWDQ can repair the barrier when the tight junction is impaired. Generally, the in vitro barrier-impairment model is achieved by the treatment of Caco-2 cell monolayers with TNF-alone or TNF-plus interferon-. It is frequently observed that treatment with TNF-decreases TER, and this is partially mediated by an increased expression of myosin light-chain kinase protein [26] . TNF-also induces a remarkable increase in inflammatory interleukin-8 secretion. It is therefore interesting to examine whether NPWDQ can repair TNF--induced damage in Caco-2 cells.
In addition, it is still unclear how EMC2 limits the permeation of OVA in indomethacin-treated rats. Further research is required to directly evaluate whether EMC2 as well as NPWDQ can repair the barrier function in vivo, and to clarify the putative mechanisms involved.
MILK CASEIN, A SOURCE OF BIOACTIVE PEPTIDES
Previously, we isolated the peptide Asp-Lys-Ile-His-Pro-Phe (DKIHPF) with the same activity as NPWDQ from Edam cheese. DKIHPF corresponds to the amino acid sequence of residues 47-52 of bovine -casein and markedly inhibits the permeation oflactoglobulin, one of the potent milk allergens. The human -casein amino acid sequence has a highly homologous peptide, Asp-LysIle-Tyr-Pro-Ser-Phe (DKIYPSF), at the same position as that of bovine -casein. Although it has not been demonstrated that DKI-YPSF from human -casein has similar activity to that of bovinecasein in human epithelial cells, it is highly possible that this type of short peptide module is produced from casein by proteases in infants and could enhance the tight junction barrier and prevent invasion by allergens. These findings present a novel significance for lactation, which plays an important role in promoting the maturation of the intestinal barrier. In this context, it is highly probable and worthy of considerable attention that various bioactive peptides in the casein sequence have not yet been found. Furthermore, milkderived peptides could contribute to the design of pharmaceutical lead-compounds.
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